Abstract. Shock is a kind of phenomenon existing extensively in practical engineering projects, which is harmful to structural security. The main method to reduce the dynamic coupling between the shock excitation source and the object being isolated is implemented by setting isolators. Aimed at the problem that the conventional isolators cannot provide large-displacement and efficient isolation ability, a new type of shock isolator is presented in this paper, which can be simplified as a nondestructive expansion mechanism. The large-displacement and quasi-zero-stiffness characteristics of the isolator are verified through the static and dynamic loading experiments. Thus, with the favorable stiffness characteristics, this type of shock isolator would have broad application prospects in the relevant fields.
Introduction
Shock is a kind of phenomenon existing extensively in daily life and the practical engineering fields. For instance, the launching and landing moment of the aircrafts, the vessels encountering (non) contact explosion, and the transient ground motion caused by the nuclear explosion and earthquake can all cause shock loads. As the shock is harmful to the structural security, studying the impact suppression techniques is of great significance.
Generally speaking, shock is a physical phenomenon occurred in a relatively short time, usually in milliseconds, during which the displacement, velocity and acceleration will transiently change. When facing the shock exitation, the large impact force would make the object produce high. When the impact acceleration is exceeding the ultimate value, it will be destroyed. Moreover, the repeated impact can also cause fatigue failure. In order to decrease the damage of impact force and acceleration, using the isolation method is necessary and effective.
Based on the difference of the isolation goals, the isolation techniques can be divided into active isolation and passive isolation, where the active isolation is to study how to diminish the transfer impact force from the excitation source to the base and the passive isolation is to research the transfer displacement from the base to the object being isolated. Due to the different types of the excitation source, the existing isolators can be divided into vibration isolators and shock isolators. On the one hand for the similarity, both the vibration and shock isolators deminish the dynamic coupling between the excitation source and the object being isolated by setting elastic components, such as the spring. On the other hand for differences, usually the vibration isolation is aimed at stable state problem while the shock isolation is transient state problem; the vibration isolation the evaluations of isolation effect are different, since the vibration isolation effect is evaluated based on frequency (ratio) while the shock isolation effect is evaluated based on time (ratio); the vibration isolation studies the transfer force and amplitude while the shock isolation is to research the transfer acceleration and displacement; theoretically, when neglecting the other factors, in order to improve the isolation effect, the vibration isolator should be designed as "soft" as possible while the shock isolator should not too "soft", which should have high enough stiffness for the static loading capacity. Figure 1 shows the force-displacement curves of different shock isolators, as can be seen, which can be divided into linear and nonlinear systems based on the variation law of stiffness. The linear system means that the stiffness is not changing during the deformation of the isolator, while the nonlinear system indicates the stiffness of the isolator would change. For instance, the stiffness of the hardening system increases, while the stiffness of the softening system is getting smaller with the increase of the deformation.
It is worth mentioning that the force-displacement curve of the ideal shock isolator can be approximated as a straight line paralleled to the lateral-axis, which denotes that the acting force of the isolator is almost constant, greater than zero, with the increase of displacement. Thus the ideal shock isolator has the quasi-zero-stiffness characteristic. Different practical engineering needs different isolators. The linear shock isolators are always used into the conventional isolation problems, whose force-displacement curves are shown in Figure 2 . When facing the special problem that the object being studied has ultra-weak shock resistance ability and the acceleration of the shock excitation is ultra-high, the linear isolator will have great limitations. The reason is that when the dynamic isolation requirement is satisfied, the stiffness should be ultra-low, which will significantly degrade the static loading capacity of the isolator; when the static loading capacity is improved, the stiffness should be high enough, which will cause the problem that the dynamic isolation requirement can hardly be satisfied.
As the stiffness can be flexibly designed, the nonlinear shock isolators are wider applied in the relevant engineering fields. The wire rope spring is a typical nonlinear isolation element, whose nonlinear characteristic is produced by the friction among the wires in the rope during its deformation. Figure 3 shows the force-displacement curve of the wire rope spring isolator. As can be seen, the curve has the remarkable property of nonlinear hysteresis loop, which would cause energy losses during the isolation process. It would lead to the change of position of the object before and after isolation. Additionally, the "softening-spring" characteristic of the wire rope spring indicates that both the static and dynamic stiffness would be degradation when the deformation reaches a certain value. Thus, the static stability of the object being studied can be seriously influenced.
The cubic nonlinear system has a special interval, in which the acting force is close to a constant, as is shown in Figure 4 . That is, in the interval of △x, the static stiffness of the cubic nonlinear system is quite high while the dynamic stiffness is ultra-low (nearly zero) when moving nearby the Point x e shown in Figure 4 . This characteristic of high-static-low-dynamic stiffness is similar to that of the ideal isolator shown in Figure 1 . The high static stiffness can guarantee the stable static loading capacity, while the low dynamic stiffness can satisfy the high requirement of isolation and finally make the acceleration of the object consistently lower than the design value.
Quasi-zero-stiffness isolator In order to obtain the high-static-low-dynamic stiffness characteristic, in general, the method of parallel connection of the positive and negative stiffness components is employed, as is shown in Figure 5 . The positive stiffness can be achieved by common cylindrical helical springs, while the negative stiffness can be implemented with multiple types.
Alabuzhev [1] firstly presented the quasi-zero-stiffness theory in 1989 and designed multiple structural implementation forms. Carrella et al. [2] studied the static property and vibration isolation capacity near the static equilibrium position based on a type of quasi-zero-stiffness isolator with two inclined and one vertical springs. The results revealed that when the inclined angle is between 48°and 57° of the two inclined springs, the isolator has dynamic quasi-zero-stiffness characteristic at the static equilibrium position. Peng et al. [3] presented a type of quasi-zero-stiffness isolator, where the negative stiffness is achieved by a special spring-linkage mechanism. Yang et al. [4] used the hinge linkage mechanism to implement negative stiffness. Liu et al. [5] took advantage of the Euler beam to obtain negative stiffness. Additionally, by using the permanent magnet [6] , spherical-roller mechanism [7] and cam-roller mechanism [8] , the negative stiffness can also be acquired.
The references [1] [2] [3] [4] [5] [6] [7] [8] mentioned above indicate that the quasi-zero-stiffness isolators can be widely used in vibration isolation field. Moreover, Liu et al [9] , Tang et al [10] and Ma et al [11] also used the quasi-zero-stiffness isolators in the shock isolation field. However, all of the references [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] are limited to small-amplitude (small-displacement) isolation problems.
Therefore, this paper presents a new type of isolator, which can be proved having large-displacement and quasi-zero-stiffness characteristics by the static and dynamic loading experiments on the principle prototype.
The Nondestructive Expansion Mechanism
The new type shock isolator can be simplified as a nondestructive expansion mechanism, as is shown in Figure 6(a) . Under static conditions, the expansion mechanism can provide enough loading capacity, which can guarantee the static stability of the object being studied (the Load in Figure 6(a) ). When facing the high acceleration shock excitations, the relative movement, ∆S, of the object and the expansion mechanism would happen, during which the acting force, ∆F, applied on the object from the expansion mechanism is almost constant. Moreover, as the expansion mechanism is a kind of nondestructive structure, the acting displacement can be set as large as necessary.
Thus, the expansion mechanism would have the large-displacement and quasi-zero-stiffness characteristics, which is accordant with the ideal isolator shown in Figure 1 .
How to control the ultimate acting force, ∆F, applied on the object is the key to design the expansion mechanism. It should coincide with the requirement of the design acceleration of the object. That is, once the acceleration of the object caused by the force acting on the object given by the expansion mechanism is about more than the design value, the relative movement should happen. Thus the ∆F can be designed as F ma ∆ = (1) where m denotes the mass of the object and a is its design acceleration.
Static and Dynamic Loading Experiments
(a) (b) Figure 6 . (a) Schematic of the expansion mechanism; (b) the principle prototype and its loading system of the expansion mechanism (the quasi-zero-stiffness shock isolator). The principle prototype and its loading system are designed as shown in Figure 6(b) , by which the static and dynamic loading experiments are employed. The mass of the object being studied is designed as 30kg and its ultimate acceleration is 0.5g, g stands for gravitational acceleration. The whole loading system contains several components, such as the platform, the lead rail and the corresponding linear bearing, the loading bar, and the force and displacement sensors. In the static experiment, the loading bar is set as screw-type. At the time of slowly screwing the loading bar, the results of the force and displacement sensors are collected. Thus, the quasi-static force-displacement curve of the expansion mechanism is obtained, as is shown in Figure 7 (a). The dynamic loading curve can also be acquired through the dynamic loading experiment, as shown in Figure 7 (b). During the dynamic loading experiment, the screw thread of the loading bar is removed and the loading type is changing as hammering method which can simulate the shock excitation.
The experimental results indicate that both the static and dynamic loading curves are fluctuated along with the design value during the whole designed displacement. The fluctuating error is controlled under 5% by computing the ratio of fluctuating amplitude to the total applied force. Thus, it is proved that this principle prototype of the expansion mechanism has the large-displacement and quasi-zero-stiffness characteristics.
Conclusions
This paper presents a new type of quasi-zero-stiffness shock isolator and its static and dynamic laoding experiments. The resualts reveal that this type of isolator, namely the nondestructive expansion mechanism, has the large-displacement and high-static-lowdynamic stiffness characteristics. Therefore, this type of isolator can have broad application prospects in the field of shock isolation with high requirements. Meanwhile, due to the capacities of large displacement and providing constant resistance, this mechanism can also be used in the relevant fields of geotechnical anchorage engineering.
